In this paper we present closed-loop control for accurate positioning of micro optical mechanical system (MOEMS) based scanner mirrors. An analog and a microcontroller based implementation of the control loop have been implemented and are presented in this paper. In particular, the measured results are compared to the characteristics of the devices when driven in open loop mode. Settlings times and operating bandwidth can be improved by a factor of 10 compared to open loop operation. Digital implementations have advantages in terms of flexibility, but show limitations for fast signals due to time discretization.
INTRODUCTION
A number of MOEMS based projection displays 1 , imaging devices, barcode readers 2 , spectrometers 3 and infrared imaging cameras have been developed for industrial, medical and consumer market. Especially for scanner products at least one fast oscillating mirror axis is required to achieve the required frame rates. Due to the small mass of the mirror element MOEMS scanners are shock and vibration resistant and feature high scanning rates. To achieve larger apertures an array of synchronized micromechanical devices can be used, making accurate synchronization of individual MOEMS mirrors an important issue.
Resonant scanner mirrors can feature high amplitudes at relatively low driving voltages. But their movement is limited to sinusoidal motion. Thus projection patterns from resonant 2D scanner mirrors are limited to Lissajous figures, defined by frequency, amplitude, and the relative phase of the oscillations around the two axes.
Quasi-static mirrors can follow arbitrary trajectories and as such have advantages for certain applications. A multitude of different devices have been developed recently by many groups using different approaches 4, 5, 6, 7, 8 .
In order to optimize settling times and the accuracy of the mirror motion, closed loop control is desirable 9 . Even more fundamentally, implementation of closed loop control 10 is fundamental in order to guarantee proper functionality, meaning stable well-defined trajectories, even under varying environmental conditions. Furthermore, closed loop operation can also overcome the problem that MOEMS elements can show a significant spread in their mechanical properties like resonance frequency and response curve, which lead to systematic deviation in trajectories of different devices. Inherently, closed-loop operation can provide synchronization of different devices, which can be used, among others, for synchronization of sending and reception branch or for aperture increase in laser scanner devices.
A prerequisite for closed loop control is accurate position information. Position feedback for optical scanner mirrors can very generally be obtained using optically techniques, e.g. by integrating a position sensitive device to detect the position of the mirror element.
In this contribution, we show two implementations of closed-loop control, which have been implemented in our group, recently. First, an analog board which realises a PID-based controller approach for the control of electrostatically driven quasistatic MOEMS mirrors. We present the driver circuit for a quasi-statically driven mirror device including the feedback scheme, and show first experimental results with quasi-static mirrors. While our circuit is specially designed and adjusted to control a specific device, the basic concept is viable for all kind of electrostatically driven quasi-static micro actuators.
Secondly, a microcontroller based control board, used to control a commercial quasistatic deflection mirror. Digital implementation of the control loop, enables the comparison of different control approaches. The experimental results achieved with a quasi-static mirror device with a resonance frequency in the range of 100 Hz demonstrate the capabilities but also show the limitations of the control loops.
ANALOG CONTROL FOR AN ELECTROSTATICALLY DRIVEN MOEMS DEVICE
The quasi-static micromechanical mirrors used for our development are commercially available devices from Mirrorcle Technologies Inc.
®
. Figure 1 shows a photograph of the device we used. The MEMS actuator is fabricated in monolithic single crystal silicon and consists of 2-dimensional, gimbal-less vertical comb driven structures 11 . The mirror plate is fabricated in a separate SOI process and metalized before it is bonded to the actuator. The MOEMS mirror achieves maximum amplitude of approximately 6.56° at 123 V. The resonant frequency depends on the axis and is in the range of 470 Hz. To drive this MOEMS device a differential high voltage scheme with an additional bias voltage is used, which can be adjusted to prevent damage of the device. The advantage of this method is that it linearizes the device characteristic and provides smooth transitions when moving from one quadrant to the other.
System Integration and Results

Analog PID circuit with electrostatically driven MOEMS
The driver we developed contains two independent high voltage drivers in order to drive two axes of an electrostatically driven quasi-static mirror device. For the position feedback, a laser beam was reflected from the mirror surface and sent on a two dimensional PSD. Amplification circuits are used, which generate an output voltage, proportional to the mirror tilt angle, with a maximum of ±3 V (also dependent on the power of the reference laser diode).
To control the MEMS device, an analog PID controller was designed. Figure 2 shows the realized circuit. It consists of a first order input filter followed by an input amplifier, which can be configured very flexibly, either to use it as inverting or non-inverting amplifier or impedance amplifier. This flexibility was necessary to achieve the possibility to use different laser modules, which lead to higher or lower signals on the PSD. The next stage is an adder-circuit that subtracts the actual value from the desired set point value. Afterwards the difference is weighted by three independent stages representing the integral, the differential and the proportional value of the PID controller. The possibility to adjust all values independently is very important, because every MOEMS mirror has slightly different parameters. The transfer function of the implemented controller is given by: Hereupon the PID controller parameters were fine-adjusted in order to optimize the step response curves. The stepresponse curves obtained are shown in Figure 4 . We see that a response time of about 8ms can be achieved now, which represents an improvement by a factor of 10 compared to the open loop response from Figure 3 . Furthermore the strong oscillation is effectively suppressed. Of special interest for scanner applications are constant linear displacements. Therefore the input signal form was changed from a rectangular waveform to a triangular one. When driving the mirror element in open loop, for high driving frequencies, oscillations at the resonance frequency of the mirror occur in the measured position signal. The reason is that every abrupt change in the control signal leads to an excitation of the eigenfrequencies of the mirror. This effect is more pronounced if the driving frequency gets closer to its eigenfrequency. Significant oscillations on the open loop trajectories can already be observed at 20Hz driving frequency (see black curve in Figure 5 ). This means that it is very important to use a controlled driver design to achieve higher scanning frequencies and as well as increased precision. Overall we see, that the analog PID controller was able to reduce the step-response time by a factor of ten and that it enables triangular driving frequencies for linear motion higher by a factor of four.
MICROCONTROLLER BASED CLOSED-LOOP CONTROL APPLIED TO A MAGNETICALLY DRIVEN MEMS DEVICE
In analogy to the driver approach described above, we also implemented a microcontroller based closed loop control for a quasistatic scanner device. Software based implementation provides higher flexibility and more complex control algorithms. On the other hand discretization of the time steps reduces the control which can be achieved.
First tests were performed using a magnetically driven MOEMS scanner mirror, which is commercially available and which has optical position detection already included on board 12 . A picture of the mirror is shown in Figure 6 This mirror has a resonance frequency of approximately 100 Hz and a high Q factor which results in a strongly oscillating step response function, which is shown in Figure 7 . Step response of the MEMS device.
We used a Microchip microcontroller evaluation board with a "Microchip dsPIC33FJ256GP710" digital signal processor to test the different control algorithms. Because of the time-consuming calculation of the mirror position, the DSP was operated at a clock speed of 80MHz. All analog inputs were sampled with 12bit resolution. The signals from the four photodiodes are read in and evaluated to determine the current mirror tilt-angle using a calibration curve 12 . This value is compared to a target value, which can be provided via the RS232 interface. Subsequently the driving current is adjusted according to the control-loop. The control loops work with a cycle time of 560 µs. The sampling frequency was chosen to be larger than 10 times the resonant frequency. Several different approaches were tested, including a simple PI controller, an algebraic (or pole placement) controller, an FKL (Lead-Lag) controller and a compensator. Intentionally simple controllers were chosen which might be implemented easily even in small scale microcontrollers and DSPs with less computing power.
The PI controller guarantees zero position error of the mirror, for step reference inputs. Because of the integrating part the controller is robust against plant perturbations or deviations. The closed loop step response shows no overshoot or oscillations. Nevertheless PI controllers are generally rather slow. The settling time was reduced from 1.5 seconds in open loop to 1 second using the PI controller.
The second approach was to use a Lead-Lag Controller combined with an integrator to get a robust control system. The two coefficients of the Lead-Lag controller were chosen to minimize the settling time and the overshoot without saturating the actuating signal. Settling times of 150ms (improvement by factor 10) at 5% overshoot were achieved using the Lead-Lag controller.
The third controller was a simple compensator, which cancels out the poles of the mirrors transfer function and adds new poles (double real poles). Even though quite fast settling times (200ms) and zero overshoot were achieved, the controller was practically not useful. This is because the transfer functions of the MOEMS mirrors show a quite big spread and therefore perfect pole cancellations can't be expected in practice. The cancellation of the dominant poles also led to a quite sensitive behavior of the closed loop against noise or perturbations.
A last approach was done using a pole placement (or "algebraic") controller. In this case an overall transfer function for the closed loop was chosen according to the ITAE (integral of time multiplied by absolute error) design criteria for step reference inputs (Eventuell Literatur Reference Chen Seite 367). With the overall transfer function and the mirror transfer function given, the controller can be easily calculated. The so found controller provides the best performance of all tested approaches. Settling times of 50ms at 5% overshoot were achieved. A robust behavior against steady state errors is also guaranteed. In order to quantitatively compare the models, we calculated rise time and settling time for each of the controllers. Here, the rise time is defined by the time it takes to reach 90% of the target value for the first time and the settling time is the time it takes the system to stay within 2% of the target value. The results are shown in Table 1 . Based on these results, we can estimate that the algebraic controller would provide the best performance for this type of MEMS device. Depending on the requirement, all controllers except the compensator, which is too sensitive against perturbations, might be used in practical applications.
CONCLUSION & OUTLOOK
In this article we presented closed-loop control of electrostatically driven quasi-static MOEMS mirrors, which will significantly improve the performance of these components. The experimental results prove the possibility to drive quasi-static mirror elements within a PID control loop. The control circuit leads to a 10 times faster position reaching than just driving the mirror in an open loop circuit and even much more precision. Microcontroller based control-loop implementation allows even better control-algorithms, but is limited by the discrete time-steps.
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